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Abstract 
 
To quantitatively evaluate the flowability of freshly mixed concrete, fundamental research was 
conducted on the basis of rheology. Comparing field experiments with the rheological properties of 
cement paste, the measuring protocol for non-Newtonian fluid having thixotropy is proposed and its 
flow simulation is verified. For the purpose, the rheological property of various cement paste samples 
is measured by parallel plate sensor under various conditions, which includes storage state of material, 
volume of the mixture, type of mixer, and dosage of superplasticizer. Throughout both the 
reproducibility test and computational simulation analysis, the protocol for measuring the rheological 
properties is optimized to describe gravity-induced flow such as slump flow of concrete. The volume 
of fluid technique is used for the flow simulation, which solves the problems assuming that the 
cement based material is homogeneous fluid. Simulation of the gravity-induced flow needs the flow 
curve the rheological properties should be measured including from 0.1 to 50 s-1. Our research was 
conducted by 10 steps, and each step takes about 5 s. In order to prevent the slippage, the sandpaper 
was attached on the plates. In the standard of channel flow, the results have corresponding 
approximately between real and simulation. 
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Chapter 1.Introduction 
Since self-consolidating concrete (SCC) was developed, research on freshly mixed concrete has 
been processed with advance in construction technology. Slump test, a conventional test evaluating 
workability has been applied easily and conveniently in field, but it is fundamentally qualitative. 
Recent research provides feasibility of analyzing the properties of fresh concrete quantitatively 
throughout approaching the rheological point of view. The rheological analysis of fresh concrete 
allows us to evaluate advanced information such as filling and passing ability of SCC. Prediction of 
concrete flow under specific boundary conditions and process automation in construction work would 
be applicable problems of the approach.  
 Various achievements related to modeling of concrete flow were reported in the literature.  The 
correlation between the rheological properties and the field tests of fresh concrete has been developed. 
(Ozyurt et al., 2007; Petit et al., 2007; N. Roussel, 2006a; N. Roussel et al., 2005; Schwartzentruber et 
al., 2006; N. Tregger et al., 2008; Wallevik, 2006) Sophisticated rheological models for fresh concrete 
were developed, which can describe non-Newtonian fluid behavior and its thixotropy. (Ferraris et al., 
1998; Flatt et al., 2006; N. Roussel, 2006; N. Roussel, 2006b; N. Roussel et al., 2005; Saak et al., 
2004) Suspension models consisting of the system of multiscale particles were introduced to predict a 
flow behavior of the concrete. (Ferrara et al., 2012; N. Roussel et al., 2007; Tanigawa et al., 1989) 
The analysis technique  to predict concrete pumping or formwork pressure was also investigated 
Some of the technique as the single fluid simulation steps on applications for prediction of casting. 
The others like the discrete particle flow and the suspension flow need to verify furthermore. 
Application of these technologies in field obviously needs to be accompanied with understanding the 
rheological properties of material.  
The purpose of this research provides deep understanding of the rheological properties of cement-
based materials, and as a result an optimized protocol to measure its flow curve corresponding to the 
gravity-induced flow (such as slump flow). The flow curve is the governing equation of shear stress-
rate of shear strain relationship of a fluid. Firstly, using a reference sample of non-Newtonian non-
thixotropic fluid, the effective range of the rate of shear strain was determined to precisely simulate a 
field test result such (gravity-induced flow of cement paste). Based on the effective range of shear rate, 
a protocol to measure the non-thixotropic flow curve was optimized by referring the gravity-induced 
flow again. That is an approximation because cement-based materials are thixotropic in its fresh state. 
In practice, engineers are familiar with the non-thixotropic concrete flow and the approximation 
(using the optimized protocol) is expected to be preferable. Finally for stable measurement of the non-
thixotropic flow curve, the optimized protocol was examined under various conditions related to the 
mixing and the state of samples. As a result reproducibility of the optimized protocol was verified.  
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Chapter 2. Rheological Simulation 
Roussel et al. (Roussel et al., 2007) reviewed the three simulation methods to predict a concrete 
flow: volume of fluid (VOF), discrete particle flow, and suspension flow. Among them, the VOF 
method is widely used especially for evaluating the filling and passing ability of fresh concrete. The 
VOF method assumes that freshly mixed cement-based material is a single fluid, and the flow curve 
of the fluid represents its material property. The flow curve is defined as the relation between the rate 
of shear strain (s-1) and the shear stress (Pa), which curve is generally obtained by the rheometer. 
 A rheological model idealizes the flow curve of a fluid. The Herschel Bulkey fluid model 
reportedly well describes the flow curves of cement-based materials (Ferraris et al., 1998), which is a 
nonlinear function to explain shear stress (τ) consisting of zero-shear stress (τ0), flow consistency (k), 
strain rate (γ ), and exponent (n): 
 
τ = τ + κγ                                                                     (1) 
 
For a simple response of a material, the zero-shear stress can be ignored (τ0=0), and the model 
complexity may be reduced, which is called a Power-law fluid model (with k and n). The most widely 
used model for cement-based materials is Bingham fluid model with n=1, which is described by two 
representative rheological properties, such as the yield stress (τy= τ0) and the plastic viscosity (ηp=k). 
A linear response of fluid (τ0=0 and n=1) is the most simply idealized with Newtonian fluid model 
with the viscosity (ηp=k). More scientific models to consider the thixotropy of non-Newtonian fluid 
was developed (Nicolas Roussel, 2006b), but here only non-thixotropic models are explained for 
application on engineering practice.  
 
τ = κγ                                                                     (2) 
 
The target flow behavior was simulated by both mini-slump and channel flow test performed 
commonly at a construction site. In case of the mini-slump flow test, it has been studied for the 
correlation with the rheological properties of suspension (N. Roussel et al., 2005; Nathan Tregger et 
al., 2008). After placing mini-slump cone shaped as shown in Figure 1 on a flat plate of non-
hygroscopic, sample 0.271L was injected into the cone. Then the flow is induced by lifting the cone 
vertically on the bottom plate. It is possible to take the spread curve as measuring the spread diameter 
(D) with time. At the spread curve, an asymptotic line relates to the yield stress of the suspension and 
the initial slope has a concern in the viscosity (Tattersall et al., 1983). Further channel flow test is also 
done for the flow performance (Roussel, 2007), and the shape is shown in Figure 2. There is a box-
type space of 0.1×0.1×0.1 m3 generated by installing a vertical plate 0.1 m point from the left side of 
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the channel. We could inject the sample 1L into the left box space and lift vertical plate, the flow 
progresses towards the right horizontally. As well as the mini-slump flow test, it is possible to 
measure the spread diameter (D) with the passage of the time to obtain the spread curve. In case of the 
channel flow test, the spread length (L) could be measured easily because the flow is advanced in one 
direction, unlike the mini-slump flow test. 
 
(a) 
 
 
(b) 
 
 
Figure 1. Configuring the test equipment: (a)mini-slump cone, (b)channel 
 
With the reflection above field experiments, the mini-slump cone was configured by a quarter 
symmetrical, and channel box is 1/2 y-axial symmetrical model. The element as 8-node linear 
Eulerian brick(EC3D8R) is the choice for Eulerian approach of flow analysis. To determine the 
number of element, preliminary simulation was conducted according to mesh sizes, targeting channel 
flow behavior of reference sample. Figure 1 shows that model designed 10 mm size of mesh could 
express the real flow behavior. In case of 20 mm, there is an error between the real and simulations 
about 12 cm of final spread length. While some researchers for examining the final spread design the 
mesh on the bottom of model significantly, we designed the 10 mm mesh on the model evenly for 
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saving analysis time. So, the model of mini-slump cone is divided into 3808 pieces of EC3D8R 
elements and channel have 2700 pieces. Thus, the gravity is considered due to effect of inertia and the 
samples are assumed to be a laminar fluid that does not slip between the sample and bottom surface 
when the flow happen. On the post-processing step, the output data was analyzed by the VOF method. 
The spread curve was determined by using a reference more than 0.5 volume ratio of air to fluid of 
bottom elements. 
 
 
 
Figure 2. Spread curve results of channel flow simulation as size of mesh 
 
 
 
 
Figure 3. Example of VOF technique which is designed by 2 mm of mesh  
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Chapter 3. Experiment 
 
3.1 Sample preparation 
All type of cement paste samples were prepared to measure its rheological properties. Ordinary 
Portland cement was used having the specific gravity of 3.14 and the Blaine number of 3,320 (cm2/g). 
The chemical composition of the raw material is CaO 63.5 %, SiO 19.3 %, Al2O3 4.6 %, SO3 3.9 %, 
MgO 3.3 %, Fe2O 33.1 %, and K2O 1.1 %. A high range water-reducing admixture (HRWRA) used to 
enhance the fluidity of samples was polycarboxylates based, and its solid content was 22%. For 
measurement of rheological properties, various kinds of cement paste samples were considered 
according to: (1) the water-to-cement ratio (w/cm=40%, 50%, and 60%), (2) HRWRA dosage 
(pc/p=0.20 % and 0.35%  compared to the powder content by mass), (3) mixing type (hand mixing, 
280 rpm using stirrer designed similar hand mixing, and high shear mixing with refer to the ASTM 
C1738 which mixer have a speed over 4000 rpm), (4)Volume of the mixture (Planetary mixing). 
The total mixing time is the same (5 min and then 3 min placing) for all mixing types. When the 
hand mixing and mixing using stirrer were carried out, mixing protocol was as follow: (1) mixing for 
2 min; (2) scraping for 1 min; (3) additional mixing for 2 min; (4) placing for 3 min. For the high 
shear mixing the total mixing time was kept but the time of high shear mixing was adjusted: (1) 
mixing for 0.5 min; (2) scraping for 4 min; (3) additional mixing for 0.5 min, and (4) placing for 3 
min. ASTM C1738 limits continuous high-shear mixing within 0.5 min due to heat release by high 
shearing of cement suspension. 
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Table 1. Mix proportions plan 
Label  - 
Hand 
mixing 
[36 mL] 
Stirrer, 
280 rpm 
[90 mL] 
High shear mixing, 
12,000 rpm 
[90 mL] 
Planetary 
mixer, 
280 rpm 
[1500 mL ] 
wb40 
Water (g) 20 50 50 837 
Cement (g) 50 125 125 2090 
wb50 
Water (g) 22 55 55 - 
Cement (g) 44 110 110 - 
wb60 
Water (g) 24 59 59 - 
Cement (g) 39 98 98 - 
wb40 
sb20 
Water (g) 20 50 50 837 
Cement (g) 50 125 125 2090 
SP (g) 0.100 0.251 0.251 4.182 
wb40 
sb35 
Water (g) 20 50 50 837 
Cement (g) 50 125 125 2090 
SP (g) 0.176 0.439 0.439 7.315 
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3.2 Standard guide for flow curve measurement 
Two sensing geometries are usually used for cement-based materials: coaxial cylinder and parallel 
plate. The coaxial cylinder geometry as shown in Figure 1-(a) is the most common. That consists of 
the  cylinder and rotor whose bottom has a cone shape. Due to the cone shape of the rotor, it is 
effective to decrease a bubble that is getting into the injected sample. After a sample is placed in the 
cylinder, the rotational speed of the rotor is controlled when using a controlled shear-rate procedure. 
The measured torque of the rotor is converted to the shear stress. Owing to narrow space between the 
cylinder and the rotor, the sample in this space suffer constant shear rate, so repeatability of the 
coaxial cylinder is well than the other geometries. The parallel plate geometry as shown in Figure 1-(b) 
is also common for viscosity measurement of non-Newtonian fluids, which requires a smaller sample 
volume than the coaxial cylinder. Because all side direction is open, shear-induced migration might 
occur. The measurement sensitivity depends on the diameter of the sensor. Using the larger diameter 
sensor, more stable data could be obtained because of less migration.  
A standard guide recently proposed by ASTM C 1749 in this year specifies a procedure to 
measure the flow curve of cement paste samples: the rheological test for the hydraulic cementitious 
paste begins at the minimum shear strain rate and would be progressed by increasing the shear rate up 
to maximum speed then descending to lowest speed serially. Each rate maintains for 20 s or until the 
measured shear stress is converged a certain value. The duration of each step can be adjusted 
according to thixotropic characteristics of a sample. Finally, a converged value of shear stress is 
plotted at each shear rate as the regression curve and then the best fit for a rheological model is found 
by regression analysis. 
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(a)  
 
(b)  
 
 
Figure 4. Rheological sensing geometries: (a)concentric cylinder, (b)parallel plate 
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3.3 Systematic error with non-Newtonian fluid 
For non-Newtonian fluid, the range of reliable measurement is restricted by measuring sensor 
geometry. Three sensor systems were compared to examine systematic error originated from the 
sensing geometry. Firstly, the coaxial cylinder having the diameter of 25 mm and its inner diameter 
(for bob) is 25.0 mm, outer cylinder diameter (for the cup) is 27.2 mm, and the gap size is 5.749 mm. 
In the coaxial cylinder, the gap means the height between the point of the upper rotor and the inner 
bottom of the cylinder and whose size is related to the normal stress which is applied in the upper 
rotor when touching on the bottom of the cylinder. Secondly and thirdly the parallel plate was used 
having the diameter of either 20 mm or 35 mm. The upper rotor has the exact diameter and the bottom 
plate have the diameter of 21.0 mm or 36.0 mm, respectively. A gap size of the parallel plate 
geometry means the distance between the shearing surface. In the study, 1 mm is assigned considering 
the maximum particle size of cement (200 µm, the gap is 5 times larger).  
 
(a)  
 
(b)  
 
Figure 5. Shear stress measurement in a reference material at a constant shear rate of (a) 
0.01 s-1 of (b) 1 s-1 
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 (a)  
 
(b)  
 
(c)  
 
Figure 6. The margin of viscosity under specific shear rate in the carbomer with (a)Concentric 
cylinder sensor having 25 mm of diameter, (b)parallel plate sensor of 20mm, and (c) 35 mm. 
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A carbomer gel (polyacrylic acid), a non-Newtonian and non-thixotropic sample, was prepared to 
reveal the systematic error during the flow curve of non-Newtonian fluid is measured. A single step of 
shear rate (0.01 s-1 or 1 s-1) is applied for the extended time (5 min). Figure 5 shows the shear stress 
obtained at each step. Even though the carbomer gel sample is non-thixotropic, it takes time to get the 
convergence of shear stress. Note that machine tools such as motor and strain sensor equipped in a 
rheometer qualify to cover the range discussed. In addition, the phenomenon did not occur with a 
Newtonian fluid such as a mineral oil standard. In case of the shear rate 0.01 s-1, the time to measure 
the stable shear stress was obtained after from 21 to 58 s. Whereas the result of the 1 s-1 show that 4 s 
is enough to get a convergence (of which evaluation is done with the trend tangent below 0.01 Pa/s). 
The spurious fluctuation on the shear stress measurement could be shown in a different way. At each 
level of shear rate, the range of shear stress fluctuation was recorded for 20 s, and in Figure 6 it is 
depicted with a bar at each rate of shear strain. We can confirm that the spurious fluctuation is not 
negligible for all sensors at such low rates of shear strain (0.01 s-1 or 0.1 s-1). For the shear stress 
measurement at 1 s-1, the spurious fluctuation almost vanishes and the shear stress measurement got 
stable after 4 s as shown in Figure 5.  
 
(a)  
(b)  
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(c)  
 
(d)  
 
 
Figure 7. Rheological behavior of cement paste 0.4 water to cement ratio 
 
 
To examine the effect of thixotropy, the single step of specific shear rate is also applied for 5 min 
in the cement pastes also. Figure 7 shows the shear stress with the time in the 0.4 ratio of water to 
cement. The appearance of the line has a difference as shear rate. At the shear rate of 0.01 s-1, the 
sample seems to rebuilding the stress. With the increasing shear rate of 0.1 s-1, the sample applies high 
shear stress in the initial stages and then gradually breakdowns stress. This thixotropy response causes 
the different of flow curve according to applied shear rate.  Figure 8 shows the shear stress with time 
in the cement paste samples. There are three samples according to 40%, 50%, and 60% w/cm. When 
the upper rotor moves at constant angular speed, cement pastes need more time to approach the 
asymptotic value rather than the carbomer gel. At the low shear rate of the 0.01 s-1, the spurious 
fluctuation is similar to that seen in the carbomer gel. A lower ratio of water to cement sample needs a 
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lot of times to get a convergence of shear stress escaping from the spurious fluctuation zone. At the 1 
s-1 shown in Figure 8-(b), the spurious fluctuation with non-Newtonian fluid characteristics is eroded 
similar to the carbomer gel and the structural breakdown indicating thixotropy dominated the response. 
A lower w/cm samples needs more time to get a convergence excluding the thixotropic effect. 
Especially for the 40% w/cm sample, the duration (78 s) took more than 20 s proposed by ASTM C 
1749. Therefore, it could be remarked that the shear stress measurement at low rate below 1 s-1 
inevitably possesses a systematic error (spurious fluctuation) resulting from non-Newtonian fluid 
characteristics. For thick mixes, the thixotropic effect on the flow curve measurement cannot be 
completely disregarded. That is also unavoidable.   
 
(a)  
 
(b)  
 
 
Figure 8. Shear stress measurement in cement paste samples at a constant shear rate of (a) 
0.01 s-1 of (b) 1 s-1. 
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Further examination of the thixotropic effect on the flow curve was accomplished with a multi-
step protocol. The parallel plate sensor of 35mm diameter was used, and the rheological protocol is 
detailed in the Figure 9. The step time was set 20 s with corresponding with ASTM C1749. The range 
of the shear rate is from 1 s-1 to 80 s-1 that is followed by the previous remark: reliable stress 
measurement could be obtained from 1 s-1. For a situation like slump flow (gravity-induced flow), the 
upper limit of shear rate is reportedly less than 50 s-1 (Nathan Tregger et al., 2008) 
 
 
 
 
 
Figure 9. The protocol of multistep test to check the thixotropy effect 
 
 
Figure 10 shows the result of three samples. Their mix proportion is identical as 40% w/cm and 
0.35% HRWRA, but mixing was done either by hands, by 280 rpm rotating stirrer or by the high-
shear mixer (qualifying the standard practice by ASTM C1738). At low rates, the first two steps (less 
than 10 s-1), the thixotropic response of shear stress decrease is easily observed. It is worthwhile to 
remark that the thixotropic response still prevails with 20 s steps (the max step time) and high-shear 
mixing. However, at high rates (conservatively higher than 50 s-1), the convergence of shear stress is 
quickly achieved. The measurement of the high-shear mixer or machine-mixed sample is more stable, 
yet those of the hand mixed is not unacceptable.  
Even though the three samples have the same mix proportion, their rheological responses were 
different each other. The effect of the mixing process is also due to the thixotropy of cement-based 
materials, which were previously reported in the literature (Saak et al., 2004). If a flow curve is 
developed with the last points at each step, the samples' viscosity and yield stress are governed by the 
mixing process. The flow curve analysis will be continued in the next section.  
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(a)  
 
(b)  
 
(c)  
 
Figure 10. Thixotropic effect of a superplasticized cement paste (40% w/cm and 0.35% 
HRWRA): (a) by hand mixing (b) by 280 rpm stirrer; and (c) by high-shear mixing. 
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3.4 Reproducibility 
Reproducibility is fundamental for evaluating the material properties of fresh cement-based 
materials. The multi-step protocol was used with the range of 0.1 s-1 to 50 s-1, and both up and down 
steps were successively applied to get more information. The step time was 20 s consistently as shown 
by Figure 9, and the flow curve was developed with the last points at each step. First and simply, the 
downstep measurements were well fitted on Power-law model. By contrast, the upstep measurements 
were well analyzed with the Herschel Bulkey model only when the first point was excluded. The first 
point was easily ill-conditioned for the model fitting because the movement state of a sample started 
changing. Its microstructure at rest started breaking and rearranging with applied shear stress. The 
first step of 0.1 s-1 ought to be considered a dummy to obtain the movement state of flow. In addition, 
the range is under the spurious fluctuation of a non-Newtonian material and , so it is reasonable to 
exclude the first point. Figure 11 and 12 show the flow curves determined either by upstep and 
downstep measurements. Two samples were compared: a neat cement paste having 40% w/cm and a 
superplasticized cement paste having 0.20% HRWRA on 40% w/cm. 
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(a)  
 
(b)  
 
(c)  
 
Figure. 11 Flow curve of neat cement paste: (a) hand mixing, (b) high-shear mixing, and (c) 
Planetary mixing 
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(a)  
 
(b)  
 
(c)  
 
Figure. 12 Flow curve of superplasticized cement paste: (a) hand mixing, (b) high-shear 
mixing, and (c) Planetary mixing 
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The reproducibility according to the mixing process was evaluated by testing a total of 10 
replicated samples. Figure 13 and 14 show the results of the neat cement paste and the 
superplasticized cement paste, respectively. For understanding change of the mixing process, the 
reproducibility test was conducted under some conditions. As a method of mixing firstly, we 
examined the two case samples mixed by both hand personally and high shear mixing. A hand mixing 
is simple for many experiments, and the high shear mixing is recommended at an ASTM. Secondly, 
the effect of mixing volume was considered at the reproducibility tests. To better modeling of 
rheological properties, selection of proper mixing volume is important in suspensions because which 
is constituted of multiscale particles. For neat cement paste, the reproducibility of down step is stable 
rather than up a step in totality. Figure 13-(a) shows the results according to the method of keeping. 
The tag of wb(1) means the sample kept carefully while the sample of wb(2) was stored under bad 
conditions. The samples well stored have better reproducibility than poorly. Also, preparing enough 
volume of the sample is adequate to the rheological experiments like Figure 13-(b). In the Figure 13-
(c), the sample made by high shear mixing tends to measure unsteadily. When the human was 
observed it with the naked eye, the high shear mixing affects the sample to stiff which state may cause 
the shear induced migration. The average of measuring parameter presents a lot of difference in the K 
while the slight gap in the τ0. The n seems to be same with the yield stress, but sensitive from the 
analytic point of view.  
Figure 14 shows the reproducibility of cement paste adding the superplasticizer. Due to the 
dispersion effects, the samples have good reproducibility generally. Figure 14-(a) is the results of 
cement paste adding the superplasticizer dosage 0.20% and 0.35% compared to the powder content by 
mass. In the up curve, decreasing the yield stress is observed according to much addition apparently, 
and also consistency index while increasing the flow behavior in case of the down curve. 
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(a)  
(a-1) Up curve – Herschel Bulkey 
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(a-2) Down curve – Power law 
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(b) High shear mixing 
(b-1) Up curve – Herschel Bulkey 
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(b-2) Down curve – Power law 
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 (c) Planetary mixing 
(c-1) Up curve – Herschel Bulkey 
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(c-2) Down curve – Power law 
 
 
 
 
 
Figure. 13 Repeatability of neat cement paste (a) hand mixing (b) high-shear mixing (c) 
Planetary mixing 
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(a) Hand mixing 
(a-1) Up curve – Herschel Bulkey 
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(a-2) Down curve – Power law  
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(b) High shear mixing 
(b-1) Up curve – Herschel Bulkey 
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(b-2) Down curve – Power law  
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(c) Planetary mixing 
(c-1) Up curve – Herschel Bulkey 
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(c-2) Down curve – Power law  
 
 
 
 
Figure. 14 Repeatability of superplasticized cement paste:  (a) hand mixing (b) high-shear 
mixing (c) Planetary mixing 
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3.5 Optimized protocol for measurement 
In the fresh cement-based materials, the material property expressed flow curve is influenced by 
the range of shear rate. To solve a problem related to field experiment, we should adjust to flow curve 
reflected gravity-induced flow. So, we check the range of shear rate from simulations based on the 
reference.  
Figure 15 shows the rheological properties of reference, and the results were analyzed by a power 
law model which parameter is k=13.153, n=0.237. In the field experiment, the final spread diameter 
(Df) was calculated by the average value of the points by counting wide and long lines, and the final 
spread length (Lf) was measured on the basis of the center. Figure 16 shows the field experiment 
results of reference that is 22 cm of final spread diameter and 47 cm of final spread length. In the 
results of simulation which model was designed 10 mm of mesh size, 21 cm of final spread diameter 
and 47 cm of final spread length. Figure 17 is results of simulation which shows the lower limit of 
shear rate is about to 0.1 s-1. The upper limit is about to 50 s-1 which is general domain according to 
Figure 17-(b) which shows that the upper limit of shear rate is not sensitive to the final spread. This 
range is the range of shear rate in the condition of gravity-induced flow.  
 
 
 
 
 
Figure 15. Rheological properties of reference of non-thixotropy 
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(a)  
 
 
(b)  
 
 
Figure 16. The spread curve results both field experiment and simulation in the carbomer: 
(a)mini-slump flow test, (b)channel flow test 
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(a)  
 
 
(b)   
 
 
Figure 17. Range of shear rate at the field experiment: (a) lower limits of shear rate (b) 
upper limits of shear rate 
 
 
In the fresh cement paste, sample was prepared with 15.5cm of final diameter in the mini-slump 
flow test and 35.5cm of final length in the channel flow test at w/b ratio 40% and 21 cm of final 
diameter and 49.5 cm of final length at w/b ratio 40% adding dosage of sp 0.2%. The Planetary  
mixing is used to mix, the test result of which supposed to be same with stirrer mixing of 280 rpm and 
hand mixing. The details of the mixture are shown in Table 1. Because of the thixotropy, the 
reproducibility test about field experiment was conducted 10 times in each sample. The margin of ±1 
cm is an error of the mini-slump flow test, and ± 2.5 cm is of the channel flow test (Figure 19). To 
identify the rheological properties, the protocol was designed by setting from 0.1 to 50 s-1 that is 
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stable bound reflected Figure 10 and 17. The number of step amounts to 10 which take about 5 s per 
each point, totally 50 s for measuring the flow curve. Due to the slippage at the lower shear rate, the 
sandpaper was attached on the plates. Figure 18-(a) is the result of rheological property of cement 
paste at w/b ratio 40% by hand mixing. The measured points were well fitted by the Herschel Bulkey 
model rather than power law, which parameter is 55.36 Pa of yield stress, 0.89 of consistency index, 
and 1 of flow index.  Figure 19 shows that the results of flow behavior expressed the spread curve. In 
the simulation, the final diameter in the mini-slump flow test is 17 cm and final length of channel flow 
test is 37 cm. There is a discrepancy between field experiments and simulations about 1.5 cm in both 
channel flow and mini-slump flow test. In the paste at w/b ratio 40% adding admixture of Figure 18-
(b), assuming both yield stress is 8.14 Pa and consistency index is 0.47. But the dynamic yield stress 
was calculated a lower value, because of slippage phenomenon which was observed by human at the 
lower range of shear rate, in spite of sandpaper attached plates. The simulation results of mixture 
adding superplasticizer were not fitted with the real behaviors because of the yield stress which 
measured lower than intrinsic material property. In the figure 20-(a), the reason why the final diameter 
was reduced to zero is owing to vanished volume of the fluid.   
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(a)  
 
(b)  
 
Figure 18. Rheological properties of cement pastes: (1)wb40, (2)wb40sp20 
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(a)   
 
(b)  
 
 
Figure 19. Reproducibility of field experiment (a)mini-slump flow test (b)channel flow test 
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(a)  
 
(b)  
 
 
Figure 20. The spread curve results both field experiment and simulation in the pastes: 
(a)mini-slummp flow test, (b)channel flow test 
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Chapter 4. Conclusions 
The gravity-induced flow was measured with cement paste having water-cement ratio of 0.4 and 
that incorporating superplasticizer. The final spread diameter of mini-slump flow is 15.5 cm and 35.5 
cm and the final spread length of channel flow is 21.0 cm and 49.5 cm. The margin of  ±1.0 cm is an 
error of mini-slump flow test and ±2.5 cm is of channel flow test. The channel flow test has higher 
sensitivity as mix proportions or admixtures rather than the mini-slump.    
When the rheological experiment is conducted, the best sensor seems to be the concentric 
cylinders due to its high reproducibility and no shear induced migration. The parallel plate sensors 
having a large diameter also bring stable results. Especially, the slippage between the sensors and 
samples could be prevented by attaching sandpaper on the plates. The rheological properties of a 
cement paste are well fitted into the Herschel-Bulkey model in the up step while the measured values 
of down step follows the power-law model. When cement powder have been stored in a sealed 
condition (lowering humidity of the powder), the rheological test shows high reproducibility. 
Incorporating HRWAR also provides good reproducibility due to the homogeneous cement dispersion 
in the suspension. The sample mixed with a high shear mixing shows lower reproducibility than hand-
mixed samples. That is because the paste becomes stiff and highly thixotropic under the influence of 
high shear. From the gravity-induced flow simulation, the effective range of shear rate was found. The 
flow curve in the range of 0.1 to 50 s-1 is critical to simulate mini-slump flow or channel flow. This 
range was reflected to the design of rheological test protocol. With the parallel plate attached 
sandpaper, the flow curve that was measured with 10 steps for each 5 seconds in the range of 0.1 to 50 
s-1 precisely simulates the gravity-induced flow. For example, the sample of 40% water-cement ratio 
and that incorporating 0.2% HRWRA have the yield stress (the result of curve fitting to the Herschel-
Bulkey model) of 55.36 Pa and 8.14 Pa, respectively. The measured yield stresses finally provide 
accurate simulation within the error of 1.5 cm spread in the neat paste. But the more conditions need 
to set to measure the rheological properties in non-Newtonian fluid having thixotropy under various 
mix designs.  
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Appendix: erroneous measurement on a cement suspension  
 
Even though a rheometer is successfully calibrated with a standard oil, erroneous measurement on 
a cement suspension can be obtained in some cases. The following two problems need caution for the 
rheological testing: 
(1) Placing difficulty: It is not easy to load thick paste sample with an exact amount for accurate 
measurement. This problem is severe with the coaxial cylinder sensors. The cement paste 
does not flow in the outer cylinder. The use of parallel plates sensor allows us to handle 
comparatively thicker paste samples. In this study, the water-to-cement ratio of 35% sample 
was possibly measured with the parallel plates of 35 mm diameter. Figure A shows that the 
shear stress had been persisted for a period of time.   
 
 
 
Figure A. w/c 0.35, shear rate 100 
 
 
(2) Shear-induced migration: Cement grains and sometimes whole volume including them are 
susceptible to be migrated due to the density difference between cement grains and water. It 
is not good with parallel plates for high rate measurement. The shear-induced migration 
causes the results of the lower yield stress than the real value. The use of coaxial cylinder 
reportedly prevents the migration problem. (See the Figure B) 
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(3) Slippage: The slippage phenomenon was observed by human at a lower rate of shear that 
causes the lower yield stress. To prevent slippage, the sandpaper was attached on the plates. 
Whether or not the sandpaper is attached to the plates have a lot of different with the yield 
stress values (Banfill et al., 2003).  
 
 
 
Figure B. Shear-induced migration 
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